A variety of biomaterials, such as prosthetic heart valves, artificial joints, and catheters, are used with increasing frequency in diagnostic and therapeutic procedures in modern medicine. The use of such biomaterials has undoubtedly led to medical progress for the benefit of many patients. On the other hand, implantation of an initially sterile biomaterial may quickly be complicated by infection. The majority of biomaterial-associated infections (BAI) (40 to 75%) are caused by the relatively nonpathogenic coagulase-negative staphylococci, especially Staphylococcus epidermidis (5, 50) .
The pathogenesis of BAI is still poorly understood. It is assumed that the adherence of bacteria to the implanted biomaterial is the initial step in the pathogenesis of BAI (5, 50) . To prevent BAI, novel materials with modified surfaces or with coatings of an antimicrobial agent(s) to reduce bacterial adherence are being developed (4, 8, 36, 46) . Adherence, however, is not the only important factor in the pathogenesis. Alterations in the host response in the vicinity of the implanted biomaterial have frequently been suggested to play a role in pathogenesis (9, 32, 54, 56, 57) .
Implanted biomaterials always induce an inflammatory reaction, but the intensity may vary, depending on the chemical composition of the material. Exposure of human monocytes or granulocytes to biomaterials in vitro induced the production of various cytokines (10, 12, 16, 18, 52) . It was assumed that increased cytokine production might be associated with bioincompatibility reactions, such as enhanced leukocyte activation and enhanced susceptibility to infection. We previously studied the infection and tissue responses around two clinically used biomaterials, polyvinylpyrrolidone-grafted silicon elastomer (SEpvp) and conventional silicon elastomer (SE), in mice. We observed that subcutaneous implantation of sterile SEpvp catheter segments was associated with an earlier and more sustained increase in interleukin-1␤ (IL-1␤) levels in the surrounding tissue than implantation of sterile SE catheter segments (7, 9) . Injection of S. epidermidis along the subcutaneously implanted SEpvp segments caused an even more pronounced and protracted local IL-1␤ production, associated with subcutaneous abscesses and with persistent infection for up to 60 days.
IL-1␣ and IL-1␤ are potent proinflammatory cytokines that have been implicated as being important mediators in the pathogenesis of a variety of immunological and infectious diseases (20) . IL-1 exerts biological effects by an interaction with the type I IL-1 receptor (IL-1R). At present, the role of IL-1 in the pathogenesis of BAI due to S. epidermidis is unknown. As we found an association between increased IL-1␤ production and BAI (9) 
MATERIALS AND METHODS

Animals.
In total, 80 specific-pathogen-free IL-1R Ϫ/Ϫ mice, backcrossed six times to the C57BL/6 background, and C57BL/6 wild-type mice, 6 to 8 weeks old and weighing 15 to 20 g, were used. IL-1R Ϫ/Ϫ mice (24) were kindly provided by Immunex Co. (Seattle, Wash.) and bred in our animal facility. Wild-type C57BL/6 mice were from Harlan, Horst, The Netherlands. IL-1R
Ϫ/Ϫ and wildtype mice were matched by age, weight, and sex, housed in individual cages in a pathogen-free environment, and provided with sterile food and water. The Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands, approved the animal experiments.
Catheter segments. Catheters of conventional SE and SEpvp (Bioglide), with a diameter of 2.5 mm and a wall thickness of 0.6 mm were obtained from Medtronic PS Medical, Goleta, Calif. One-centimeter-long segments of SE and SEpvp, cut from either catheter under aseptic conditions in a laminar flow cabinet, were stored in sterile petri dishes.
Bacterial strain. The clinical isolate S. epidermidis strain RP62a (ATCC 35984) was used. This strain is capable of producing slime, determined as described by Christensen et al. (13) (14) (15) . MICs (in micrograms per milliliter) for strain RP62a, determined by the standard E test, were as follows: rifampin, Ͻ0.016; teicoplanin, 0.19; gentamicin, 256; minocyclin, Ͻ0.016; and vancomycin, 1.5. Antibiotic susceptibilities were used to confirm the identity of bacteria cultured from catheter segments and tissue homogenates.
Preparation of the bacterial inoculum. An inoculum of 10 6 CFU of S. epidermidis RP62a was used. We previously demonstrated that in mice injected with this inoculum along subcutaneously implanted SEpvp, macroscopic abscesses and persistent infection for up to at least 60 days were induced, while around SE neither abscess formation nor infection was observed (6, 9) . Two milliliters of an overnight culture of strain RP62a in Trypticase soy broth (Difco, Detroit, Mich.) was inoculated into 100 ml of fresh Trypticase soy broth. After incubation at 37°C for 5 h, 50 ml of this culture was centrifuged at 2,200 ϫ g for 10 min, and the pelleted bacteria were washed twice with 50 ml of pyrogen-free isotonic saline. After the final centrifugation, the pellet was resuspended in pyrogen-free isotonic saline and the optical density at 620 nm was measured. The inoculum of 10 6 CFU was prepared by diluting the suspension with pyrogen-free isotonic saline, based on an established relationship between bacterial concentration and optical density at 620 nm.
Subcutaneous catheter implantation and administration of the bacterial inoculum. Mice were anesthetized intraperitoneally with an FFM mix (1 ml of Hypnorm [fentanylcitrate {Fluanisone}], 1 ml of Midazalam, and 2 ml of distilled water) (0.07 ml 10 g of body weight) and placed in a laminar flow cabinet. The backs of the mice were shaved and prepared with 2% (wt/vol) chlorhexidine. On each side an incision (0.3 cm) was made 0.5 cm lateral to the spine. Subsequently, 1-cm-long SE or SEpvp catheter segments were inserted subcutaneously. IL-1R
Ϫ/Ϫ and wild-type mice received either two SE or two SEpvp segments. The incisions were closed with a single 0/6 vicryl stitch. Mice with implanted SE or SEpvp segments were injected with the inoculum subcutaneously along the inserted segments in a 25-l volume using a repetitive pipette (Stepper model 4001-025; Tridak Division, Brookfield, Conn.). Four IL-1R Ϫ/Ϫ mice and four wild-type mice received a subcutaneous injection of saline only, on both sides of the spine (saline controls).
Sample collection. Mice in the saline control group were sacrificed and evaluated at 14 days after injection. After 2, 5, or 14 days, six mice of each of the experimental groups were anesthetized with an FFM mix administered intraperitoneally and subsequently sacrificed by cardiac puncture. Sacrificed mice were placed in a laminar flow cabinet and fixed on a sterile polypropylene plate. A dorsal midline incision was made from the cervical to the lumbal area. Subsequently, the skin and subcutaneous tissue were separated from the muscle fascia up to the flank on both sides. The implantation sites were inspected for purulence, and standardized biopsies (diameter, 12 mm) were taken from the implantation sites using a specially developed tissue sampler as described previously (6) . Each single biopsy included skin, subcutaneous tissue, and the inserted segment.
The right-side biopsy from each mouse was placed in 10% buffered formaldehyde (pH 7.3) for histological examination. From the left-side biopsy, the catheter segment was separated from the tissue, washed twice with phosphatebuffered saline (PBS) (8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 140 mM NaCl, pH 7.2) and placed in a sterile tube containing 1 ml of PBS. The tissue sample was placed in a tube and weighed, and a volume of pyrogen-free isotonic saline corresponding to four times the weight was added. The weight of the tissue samples varied between 125 and 160 mg.
Histological examination. After fixation in formaldehyde, the biopsies were embedded in plastic (methylmethacrylaat-butylmethacrylaat) (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with hematoxylin-eosin. Slides were examined for five histological features characteristic for tissue reactions after implantation of a foreign body (2). These were (i) infiltration of inflammatory cells, i.e., polymorphonuclear or mononuclear cells; (ii) presence of purulence, i.e., deposition of leukocytes with necrotic burdens; (iii) foreign-body giant-cell formation; (iv) fibrosis, characterized by inflammatory cells, fibroblasts, and newly formed collagen; and (v) encapsulation of the foreign body. Sections were scored independently by three of us (J. J. Boelens, J. L. Murk, and J. J. Weening), using a scale of 0 to 3, indicative of the grade of appearance of each feature: a feature was scored 0 when it was not observed and 3 when it was maximally present. At the time of judgement, none of the investigators knew which sample originated from which mouse. The scales were based on inspection of slides previously obtained from tissue samples taken from subcutaneously inserted SE or SEpvp segments in mice which received bacterial inocula ranging from 0 CFU (saline injection) to 10 10 CFU of S. epidermidis RP62a along the inserts (6). Quantitative culture of SE and SEpvp catheter segments. The tubes containing SE and SEpvp segments in 1 ml of PBS were sonicated for 30 s in a water bath sonicator (Bransonic B-2200 E4; 47, kHz, 205 W) to dislodge adherent bacteria. The number of viable S. epidermidis cells was assessed by quantitative culture of serial 10-fold dilutions of this PBS sonicate. Six aliquots of 10 l of each dilution were spotted on a blood agar plate which was incubated overnight at 37°C. The remaining suspension was stored at 4°C. When no growth was observed on the blood agar plates, the stored suspension was centrifuged (2,200 ϫ g, 10 min) and the pellet was resuspended in 100 l of PBS and plated on blood agar. In addition, the sonicated segments were cultured in 80 ml of modified thioglycolate broth, consisting of 3% (wt/vol) thioglycolate containing 0.03% (wt/vol) polyanetholesulfonic acid, 1 M NaOH, and 0.5% Tween 80, for 72 h at 37°C. For statistical purposes, it was assumed that 1 CFU per 1-cm catheter segment had been present when no growth occurred on the blood agar plates and the catheter segment incubated in the broth was culture positive. The number of adherent S. epidermidis RP62a cells is expressed as number of CFU per catheter segment (1 cm).
Quantitative culture of the homogenates. Tubes containing the tissue sample in pyrogen-free isotonic saline were homogenized on ice with a tissue homogenizer (Tissue Tearer model 985-370; Biospec Products, Bartlesville, Okla.). After each homogenization, the homogenizer was carefully cleaned, disinfected by subsequently washing in 4% (wt/vol) sodium hypochloride-70% alcohol, and rinsed with pyrogen-free isotonic saline. Seventy microliters of the homogenates was serially 10-fold diluted, and six aliquots of 10 l of undiluted homogenate and of each dilution were spotted on a blood agar plate, which was incubated overnight at 37°C. In addition, 50 l of the homogenate was cultured in 80 ml of thioglycolate broth for 72 h at 37°C. For statistical purposes it was assumed that 1 CFU per 50 l had been present when no growth occurred on the blood agar plates and the homogenate aliquot incubated in the broth was culture positive. The number of persisting S. epidermidis RP62a cells is expressed as number of CFU per gram.
Cytokine assays of the homogenates. The total homogenates, reduced by 120 l for the quantitative culture, were diluted in 1 volume of lysis buffer (25) containing 1% Triton X-100, 150 mM NaCl, 30 mM Tris, 2 mM CaCl 2 , 2 mM MgCl 2 , 0.2% aprotin, and 0.2% leupeptin (pH 7.40) and incubated on ice for 1 h. Subsequently, the lysed homogenates were centrifuged at 130,000 ϫ g for 15 min at 4°C to remove cell debris. The cell-free supernatants were frozen at Ϫ80°C, thawed, centrifuged at 5,000 ϫ g to remove macroaggregates, and stored in aliquots of 35 l at Ϫ80°C until use. Levels of IL-1␤ (R&D Systems, Minneapolis, Minn.), IL-1␣ (R&D Systems), and IL-4 (R&D Systems) were measured with commercially available enzyme-linked immunosorbent assay kits and expressed as picograms per milliliter of homogenate.
Statistical analysis. All values are expressed as mean Ϯ standard error. Twosample comparisons were made by analysis of variance (ANOVA), and comparisons between cytokine levels of groups over time were made by ANOVA in a general linear model-general factorial. The significance of differences between the frequencies of categorical variables was determined using the 2 test. A P value of Ͻ0.05 was considered significant.
RESULTS
Development of biomaterial-associated infection.
In the saline control mice, no abscess formation was seen. In wild-type mice after injection of 10 6 CFU of S. epidermidis, abscess formation was observed around SEpvp at all time points tested but not around SE segments. In contrast, in IL-1R Ϫ/Ϫ mice abscesses were found neither around SE segments nor around SEpvp segments at any time point after inoculation with S. epidermidis (Fig. 1A) .
In wild-type mice, at 2 days significantly more colonies were cultured from tissue surrounding SEpvp catheter segments (14,000 Ϯ 12,000 CFU/g) than from tissue surrounding SE segments (1,800 Ϯ 1,400 CFU/g) (P Ͻ 0.01) Fig. 1B . Although the numbers of CFU decreased at 5 and 14 days in all tissues (12 of 12) surrounding the SEpvp segments, these tissues remained culture positive. Tissues surrounding SE were culture negative at 5 and 14 days (Fig. 1B) . Like in wild-type mice, in IL-1R Ϫ/Ϫ mice significantly more colonies were cultured from tissues surrounding SEpvp (22,000 Ϯ 12,000 CFU/g) than from tissues surrounding SE (8,000 Ϯ 9,000 CFU/g) (P Ͻ 0.05) at 2 days, and at 5 days all tissue homogenates surrounding SEpvp were positive, while all tissue homogenates surrounding SE were negative. At 14 days, however, five out of six tissue homogenates from SEpvp implantation sites were culture negative in IL-1R Ϫ/Ϫ mice. Thus, significantly fewer (P Ͻ 0.05) tissues were culture positive in IL-1R Ϫ/Ϫ mice than in wildtype mice around SEpvp at 14 days. The cultured S. epidermidis had the same antibiogram as strain RP62a. No colonies were cultured from the tissue samples of mice injected with saline.
SEpvp segments implanted in wild-type mice were significantly more often culture positive for S. epidermidis RP62a than SE segments (7 of 18 versus 1 of 18; P ϭ 0.01) (Fig. 1C) . In IL-1R Ϫ/Ϫ mice similar results were obtained (8 of 18 versus 3 of 18; P ϭ 0.02). The cultured S. epidermidis had the same antibiogram as strain RP62a. In wild-type mice, tissues surrounding SE and SEpvp (7 of 18 and 18 of 18, respectively) were significantly more often culture positive than the corresponding segments (1 of 18 and 7 of 18, respectively) (P Ͻ 0.05). Similarly, in IL-1R Ϫ/Ϫ mice, tissues surrounding SE and SEpvp (10 of 18 and 13 of 18, respectively) were significantly more often culture positive than the corresponding segments (3 of 18 and 8 of 18, respectively) (P Ͻ 0.05). This indicates persistence of S. epidermidis in tissue rather than on the catheter surface.
Hence, using an inoculum of 10 6 CFU of S. epidermidis, in IL-1R Ϫ/Ϫ mice neither abscess formation nor persistent infection associated with SEpvp was induced, while wild-type mice were highly susceptible to SEpvp-associated abscess formation and infection. Bacteria persisted in the tissue rather than being adherent on the catheter segment.
Histological examination of the inflammatory and foreignbody reaction. Five histological features characteristic for the tissue inflammation and foreign-body response following the implantation of a foreign body were scored independently by three investigators who were blinded for the origin of the samples. The mean scores for these histological features at each time point are shown in Fig. 2 . Variation of scores between investigators was always maximally 0.5 scale unit.
The foreign-body response around SE implanted in IL-1R Ϫ/Ϫ mice and wild-type mice showed only small differences ( Fig. 2 and 3 ). In contrast, around SEpvp, the foreign-body response was dramatically different in wild-type and IL-1R Ϫ/Ϫ mice ( Fig. 2 and 3) . In wild-type mice, a prolonged and intensified inflammatory status was observed around SEpvp, characterized by the presence of purulence and a very strong infiltration up to 14 days, by strong fibrosis, and by delayed giantcell formation and delayed encapsulation of the foreign body. In contrast, around SEpvp implanted in IL-1R Ϫ/Ϫ mice, no purulence was present, and a mild inflammation, weak fibrosis, and a normal development of the foreign-body reaction were observed, characterized by a layer containing giant cells bordering the implant at 5 days and the presence of a fibrous capsule at 14 days ( Fig. 2 and 3) .
Hence, around SEpvp implanted in IL-1R Ϫ/Ϫ mice challenged with S. epidermidis, a normal foreign-body reaction, similar to that around SE implanted in wild-type mice challenged with S. epidermidis, was observed.
Induction of IL-1␤, IL-1␣, and IL-4. IL-1␤ was detectable at low levels in saline control wild-type and IL-1R Ϫ/Ϫ mice ( 4). In wild-type mice injected with S. epidermidis, significantly higher IL-1␤ levels were found in tissue surrounding SEpvp segments than in tissue surrounding SE (P Ͻ 0.01 for the profile of IL-1␤ over time). In IL-1R Ϫ/Ϫ mice at 2 days, significantly higher IL-1␤ levels were found in tissue surrounding the implanted SE (1,624 Ϯ 529 versus 545 Ϯ 211 pg/ml; P ϭ 0.002) and in tissue surrounding SEpvp (5,069 Ϯ 2,478 versus 1,418 Ϯ 763 pg/ml; P ϭ 0.007) than in wild-type mice. At later time points no differences in IL-1␤ levels between wild-type and IL-1R Ϫ/Ϫ mice were detected around SEpvp segments. In tissues surrounding SE in wild-type and IL-1R Ϫ/Ϫ mice, IL-1␤ levels were equal at 5 days but again were higher in IL-1R Ϫ/Ϫ mice at 14 days (P Ͻ 0.01).
IL-1␣ was detectable in saline control wild-type and IL-1R Ϫ/Ϫ mice (Fig. 4) . In mice inoculated with S. epidermidis, IL-1␣ levels around the implanted SE and SEpvp segments increased up to 5 days and remained elevated up to 14 days. No differences were found between IL-1␣ levels in tissues surrounding SE and SEpvp or in tissues from wild-type and IL-1R Ϫ/Ϫ mice.
IL-4 was detectable in saline control wild-type and IL-1R
Ϫ/Ϫ mice (Fig. 4) . In wild-type mice injected with S. epidermidis, IL-4 levels were increased in tissue around SE after 5 days, whereas in tissue surrounding SEpvp no increase was found. The profile of IL-4 in tissue surrounding SE over time was significantly higher (P ϭ 0.025) (Fig. 4) than that in tissue surrounding SEpvp. In tissues surrounding either SE or SEpvp segments from IL-1R
Ϫ/Ϫ , mice significantly higher levels of IL-4 were detected than in wild-type mice (P Ͻ 0.01 for both) (Fig. 4) .
DISCUSSION
Recently, we found sustained IL-1␤ production in murine tissues surrounding subcutaneously implanted biomaterials infected with S. epidermidis (9) . In the present study, we sought to determine the role of this locally produced IL-1 in the pathogenesis of BAI. We demonstrated that IL-1R Ϫ/Ϫ mice had no abscess formation and were less susceptible to persistent S. epidermidis infection associated with SEpvp catheters than wild-type mice. The foreign-body reaction around SEpvp was delayed in wild-type mice but not in IL-1R Ϫ/Ϫ mice. These data suggest that IL-1 plays a detrimental role in this experimental model for BAI.
The IL-1 family consists of two agonist ligands, the potent proinflammatory cytokines IL-1␣ and IL-1␤, and an antagonist ligand, IL-1R antagonist. IL-1␣ and IL-1␤ induce cellular effects by binding to the type I IL-1R. The type II IL-1R has no signaling properties but acts as a decoy receptor (3, 20, 51) . Hence, mice deficient in IL-1R type I are incapable of responding to either IL-1␣ or IL-1␤ (24) . The IL-1 family regulates a number of immunological, physiological, and pathophysiological responses. IL-1 has an important role in the host response against bacterial infections (19, 20) . However, IL-1 action is tightly regulated, and there seems to be a delicate balance between the beneficial local activity of IL-1 and potentially harmful excessive local or systemic IL-1 activity. Indeed, blockage of IL-1 activity resulted in increased susceptibility to infection (23, 26, 34, 53) . On the other hand, protracted and/or systemic production of IL-1 is involved in a   FIG. 3 . Gross sections of subcutaneously implanted catheter segments in wild-type and IL-1R Ϫ/Ϫ mice challenged with S. epidermidis stained with hematoxylineosin. $, abscess formation; #, giant-cell formation; ‫,ء‬ thickness of the capsule; arrows, catheter-tissue interface.
variety of inflammatory diseases, such as rheumatic or septic arthritis, pancreatitis, septic shock, and acute respiratory distress syndrome (19, 20, 27, 40) . Blocking of IL-1 activity by administration of IL-1R antagonist reduced tissue damage in experimental arthritis (41, 42, 49, 55) and pancreatitis (43) (44) (45) and reduced mortality in experimental septic shock models (1, 22, 38) . Additionally, IL-1 is assumed to have a role in bioincompatibility (9, 10, 12, 16, 18) . In the present study, the enhanced and protracted inflammatory response due to the combined effect of SEpvp and S. epidermidis observed in wild- on November 7, 2017 by guest http://iai.asm.org/ type mice was strongly attenuated in IL-1R Ϫ/Ϫ mice. The latter mice did not show abscess formation and were not susceptible to persistent S. epidermidis infection associated with SEpvp. As shown in previous work by us, tissues around SEpvp implanted in wild-type mice remained positive for up to 60 days (7, 9) , while five out of six tissues around SEpvp implanted in IL-1R Ϫ/Ϫ are negative at 14 days. The exaggerated and protracted local IL-1 response around SEpvp in wild-type mice, resulting in abscess formation and delay of the normal foreign-body reaction (2), apparently was beneficial for survival of the relatively avirulent S. epidermidis.
After initial culture positivity (2 days), the SEpvp segments themselves became culture negative after 14 days, in the wildtype mice as well as in the IL-1R Ϫ/Ϫ mice. However, the tissue around SEpvp in the IL-1R Ϫ/Ϫ mice remained culture positive. In a previous study similar results were obtained with SEpvp segments to which S. epidermidis (3 ϫ 10 3 CFU per cm) was added prior to implantation (6) , indicating that the persistence in the tissue was not due to the mode of inoculation. Our findings are discordant with the contention that adherence to and growth of bacteria on the biomaterial surface are of decisive importance in the pathogenesis of BAI (5, 50) but suggest that the niche for the persisting S. epidermidis is not the implanted SEpvp segment but rather the surrounding tissue.
The bacterial survival in the present study could have been associated with the abscess (17, 35) along the subcutaneously implanted SEpvp segment rather than with adherence to the catheter surface. Alternatively, exaggerated and protracted local inflammation, as observed in wild-type mice carrying SEpvp segments, may compromise the resolution of an infection by priming for intracellular and extracellular growth of bacteria exceeding the clearance ability of the host. Kanangat et al. (30) reported that high concentrations of lipopolysaccharide, IL-1␤, IL-6, and tumor necrosis factor alpha stimulated intracellular growth in monocytes as well as extracellular growth of Staphylococcus aureus, Pseudomonas aeruginosa, and an Acinetobacter sp., which are all important nosocomial pathogens (30) . Observation in humans support a role for increased proinflammation in persistent infection: (i) patients suffering from acute respiratory distress syndrome, caused by acute development of diffuse lung inflammation, have persistently elevated levels of proinflammatory cytokines associated with an increased rate of nosocomial infections (27, 40) ; (ii) patients with long-term exposure to intravascular catheters had exacerbated complications associated with sepsis (37); and (iii) patients who had an extracorporal circulation (11) , as well as patients undergoing hemodialysis (28, 48) , with enhanced levels of circulating proinflammatory cytokines were highly susceptible.
In tissues surrounding SE and SEpvp, the IL-1␤ production was significantly higher in IL-1R Ϫ/Ϫ mice than in wild-type mice. Similarly, in a model of acute pancreatitis (43) (44) (45) , IL-1R Ϫ/Ϫ mice had higher IL-1␤ levels than wild-type mice, suggesting that a negative feedback loop exists between IL-1R and IL-1␤ production. It should be noted, however, that IL-1␣ concentrations were not increased in IL-1R Ϫ/Ϫ mice. Therefore, further studies are warranted to dissect the mechanism involved in elevating tissue IL-1␤ levels during BAI in IL-1R Ϫ/Ϫ mice. The protracted increased IL-1␤ levels around SEpvp implanted in S. epidermidis-challenged wild-type mice were associated with a reduction in IL-4 production and a delay in foreign body development characterized by the presence of foreign-body giant-cell formation and encapsulation not earlier than at 14 days. Conversely, in the IL-1R Ϫ/Ϫ mice, increased IL-4 levels and a layer of foreign-body giant cells were present around SEpvp at 5 days, as was the case for S. epidermidis-challenged wild-type mice with SE and for saline-injected wild-type mice with implanted SE or SEpvp segments (data not shown). Apparently, IL-4 is associated with macrophage fusion and the onset of the foreign-body reaction in vivo. This confirms the relevance of similar data obtained by others in vitro (21, 29, 31, 33, 39) . In addition, the enhanced (in comparison to in wild-type mice) production of IL-4 around SEpvp in our IL-1R Ϫ/Ϫ mice despite the high levels of IL-1␤ is concordant with similar results obtained in a leishmanias infection model (47) and suggests a role for IL-1 in the downregulation of IL-4 production in vivo in wild-type mice.
Implantation of SEpvp modulated the inflammatory environment in such a way that it primed for bioincompatibility reactions in the presence of S. epidermidis, resulting in enhanced leukocyte activation and persistent infection. Enhancement of the inflammatory response in the presence of bacteria is probably not restricted to SEpvp. Exposure of human monocytes or polymorphonuclear cells to biomaterials in vitro induced the production of IL-1␤, tumor necrosis factor alpha, and IL-6 (10, 12, 16, 52) . Differences in inducing properties between various biomaterials became apparent only in the presence of lipopolysaccharide, a major cell wall component of gram-negative bacteria (10, 12, 16, 52) . This implies that in a material-dependent way, the presence of bacteria or bacterial components can modulate the inflammatory tissue reaction in response to the implanted biomaterial. For biocompatibility a delicately balanced immune response is required. This balance apparently is strictly regulated, and when it is disturbed, an inappropriately strong reaction and pathology will follow. Our in vivo experiments showed that IL-1␤ might be an important player in this bioincompatibility.
In conclusion, BAI in the SEpvp model was associated with an exaggerated and protracted local IL-1␣ and IL-1␤ response. Blocking of IL-1 effects resulted in a reduced susceptibility to BAI and a normal foreign-body reaction, suggesting a role for high IL-1 levels in compromising the host by stimulating bacterial persistence and in inhibiting IL-4 production. Our results suggest an important role for the host response to various biomaterials in the pathogenesis of BAI, rather than for the extent of adherence of bacteria to biomaterial. Local inhibition of IL-1 activity may be of benefit to the host as an adjunctive therapy for infections associated with biomaterials.
ACKNOWLEDGMENT
T. van der Poll is a fellow of the Royal Netherlands Academy of Arts and Sciences.
